Abstract: For the first time, we report a novel two-photon dressed rule in a five-level 85 Rb atomic system. In comparison with a traditional two-photon dressed rule where the signals move with probe field frequency detuning changing, the novel one indicates that the signals do not move with coupling field frequency detuning changing. The finding is verified by the experimentally detected transmitted probe, multi-wave mixing, and fluorescence signals. We also find that the fluorescence signals show Autler-Townes splitting, which are observed experimentally and explained theoretically. By scanning one coupling field frequency detuning, variation of the dressing strength of another coupling field is revealed. Finally, we demonstrate that the alternation can be phase controlled if one of the incident beams deviates an angle (i.e., change from a normal state to an abnormal state).
Introduction
Multi-wave mixing (MWM) processes enhanced by atomic coherence have been experimentally studied in several atomic systems [1] , [2] . One of the vital factors to obtain such enhanced nonlinear optical processes is the drastically reduced absorption of the generated optical field due to electromagnetically induced transparency (EIT) [3] , [4] , which has been reported in photon controlling and information storage [5] , [6] , quantum communications [7] , nonlinear optics and wave-mixing process [8] , [9] . In last decade, we demonstrated that the coexistence of six-wave mixing (SWM) and four-wave mixing (FWM) processes; we found the SWM can be comparable in amplitude with the FWM by manipulating the atomic coherence and multi-photon interferences between different energy levels [1] , [10] , [11] . Such coherent control technique allows us to control the transition probability in atoms [12] , photoelectron angular distribution [13] , and various chemical reactions.
Besides, as an important phenomenon related with EIT, Autler-Townes (AT) splitting was first studied on a radio-frequency transition [14] more than a half century ago. Later, AT splitting effect was observed in lithium molecules [15] and semiconductor material [16] . Recently, this effect in FWM and SWM processes has been experimentally demonstrated by scanning the probe field in EIT windows [17] , [18] . Moreover, the AT splitting effect in fluorescence due to spontaneous emission was also observed under EIT conditions [19] , [20] .
In this paper, we change the probe field frequency detuning and coupling field frequency detuning to investigate and compare the two two-photon dressed rules, which gives rise to the moved or fixed EIT of probe transmission signal (PTS), enhancement/suppression of MWM and AT splitting of the accompany fluorescence signals. We also reveal that the dressed strength of one coupling beam is changeable with interval between probe field and dressed energy levels changed, which is induced by changing the detuning of the other coupling beam. By changing one coupling field frequency detuning and scanning another coupling field frequency detuning, we also investigate the phase control effects on the PTS, MWM and fluorescence signals.
Experimental Scheme and Basic Theory

Experimental Scheme
The experiment is performed in 85 Rb vapors, and the involving five energy levels 5S 1=2 ðF ¼ 3Þðj0iÞ, 5P 3=2 ðF ¼ 4Þðj1iÞ, 5D 5=2 ðj2iÞ, 5S 1=2 ðF ¼ 2Þðj3iÞ, and 5D 3=2 ðj4iÞ can form a K-type level system as shown in Fig. 1(a) . A weak laser beam E 1 (with wavelength 780.245 nm, frequency ! 1 , wave vector k 1 , power P 1 , Rabi frequency G 1 , frequency detuning Á 1 , and horizontally polarized) probes the lower transition j0i ! j1i. Here, Á i ¼ i À ! i with i being the resonant frequency of transition driven by E i , and G i ¼ i E i =" h with transition dipole moment i . Two strong pumping beams E 3 & E Þ, Á 4 , and vertically polarized) connect j1i ! j2i and j1i ! j4i, respectively. The laser beams are aligned spatially as shown in Fig. 1(b) , where the pumping and coupling beams propagate through 85 Rb vapor cell (with a temperature of 60 C) in the same direction with a small angle ð$ 0:3 Þ while E 1 counterpropagates with E 2 .
There exist two ladder-type EIT windows in this system, i.e., the ladder-type subsystems j0i ! j1i ! j2i and j0i ! j1i ! j4i, which satisfy the two-photon Doppler-free conditions. When all the seven laser beams mentioned above are on, three FWM processes E F 2 (satisfying the phase-
Þ can be generated simultaneously. The propagation direction of all the generated signals with horizontal polarization propagates along the same direction with a bit deviation from probe beam, as shown in Fig. 1(b) . The wave-mixing signals are detected by an avalanche photodiode detector, while the PTS is detected by a silicon photodiode. Besides, as shown in Fig. 1(a) , four fluorescence signals ðR 1À4 Þ due to spontaneous emission are also detected simultaneously by another photodiode, where the odd pair R 1 and R 3 with same wavelength of 780 nm are both caused by the decay from j1i; while the even pair R 2 and R 4 with same wavelength of 776 nm are caused by the decays from j2i and j4i, respectively.
Basic Theory
In general, we can solve the coupled density-matrix equations to obtain ð1Þ 10 , 
Þ, and À ij is transverse relaxation rate between jii and jji. Here, the dressed effects of E 2 and E 4 are considered due to the high intensities of the fields. As to FWM signal E F 2 , the perturbation chain 
While for E F 3 , we obtain
through the perturbation chain 
10 , where
For SWM processes, The corresponding density-matrix elements are The corresponding expressions are
where
Judgement for the Dressed Strength
In Ref. [21] , when Á 1 is changed and Á 4 is scanned, the dressed strength of E 4 is decided by the value of Á 1 , and the FWM signal can switch between enhancement and suppression. In other words, the dressed strength of E 4 is fixed once Á 1 is set at a specific value. However, when Á 2 is changed and Á 4 is scanned, the dressed strength of E 4 could change even at specific Á 1 . The strength is, in fact, determined by the minimum interval between E 1 and the dressed energy levels jAEi caused by E 2 and E 0 2 . This interval can be obtained via the Hamiltonian method. The Hamiltonian for the process that the strong fields E 2 & E 0 2 split the state j1i is written as
The eigenstates of the Hamiltonian are jAEi and the eigenvalues AE are
The dressed states are movable with different values of Á 2 and G 2 . The minimum interval between the field E 1 and the dressed energy levels jAEi is given as
Since the field E 4 imposes its dressed effect mainly on the region Á 1 þ Á 4 ¼ 0 (two-photon condition), its dressed strength is inverse proportional to the value of the Interval. Take the case Á 1 ¼ 0 for an example, changing jÁ 2 j from zero to some major value will lead to the Interval change from large to small, and this will make the dressed strength of E 4 alter from weak to strong.
Experimental Results and Discussions
For simplicity, we start from the FWM process E F 2 with
blocked. Based on Á 4 being scanned with different Á 1 and Á 2 , the spectra of PTS, FWM and fluorescence signals are measured as shown in Fig. 2 . We arrange the curves horizontally to reveal the total profiles of their baselines [ Fig. 2(a) and (c) ] and vertically to display their locations and details [ Fig. 2(b) and (d)] . First, the upper curves in Fig. 2(a1) and (c1) show the PTS at discrete Á 1 and Á 2 , which is composed by three major parts: baseline (horizontal background), profile (dashed line), and EIT separation embed on the baseline. The baseline height of each curve represents the transmitted intensity of E 1 without the dressing effect of E 4 . The profile reveals an EIT window at Á 1 ¼ ÀÁ 2 ¼ 0 caused by E 2 , i.e., the term jG 2 j 2 =d 2 in
10 . The EIT separation (twin peaks above the baseline) is mainly caused by the combined nested-cascade dressing effects of E 1 and E 4 (presented by jG 4 j 2 =d 6 in
10 ). The strength of EIT separation is weak near the region Á 1 ¼ 0 or Á 2 ¼ 0, corresponding to the weak dressed strength of E 4 with large value of Interval. Second, the middle curves show the FWM signal in Fig. 2(a2) and (c2), including three parts also, i.e., baseline, profile and suppression separation embedded on the baseline. Similarly, every baseline height represents the intensity of E F 2 without the dressing effect of E 4 . The profile (dashed line) reaches its maximum near Á 1 ¼ ÀÁ 2 ¼ 0. The suppression separation (twin dips below the baseline) appears once Á 4 is scanned. So, the suppression separation is corresponding to the EIT separation and mainly determined by jG 4 j 2 =d 6 in ð3Þ 10F 2 . Third, the lower curves in Fig. 2(a3) and (c3) show the fluorescence signals, where the profile (dashed line) reflects the background intensity of R 1 þ R 2 . The suppression dip that appears at large value of jÁ 1 j or jÁ 2 j becomes shallow gradually and becomes invisible at jÁ 1 j ¼ 0 or jÁ 2 j ¼ 0 eventually, which corresponds to the weakening process of EIT. Two peaks (belonging to emission peak) within this dip is AT splitting, owing to the dressing effect of E 1 (jG 1 j 2 =d 11 in ð4Þ 44 ) [22] . Now, we turn to the vertical case in Fig. 2(b) and (d). When Á 1 is set from negative to positive, the EIT separation of PTS [ Fig. 2(b1) ], suppression separation of FWM signal [ Fig. 2(b2) ] and the suppression dip as well as emission peak of fluorescence signal [ Fig. 2(b3) ] move leftwards from bottom to top. However, by setting Á 2 in similar manner, above mentioned effects disappear [ Fig. 2(d) ], which demonstrates the difference between the two dressed influences of changing Á 1 and Á 2 . These phenomena can be explained by the dressed pictures as shown in Fig. 2(e) and (f). With fixed Á 2 and changing Á 1 , the states jAEi are fixed. When E 1 and E 4 match the two-photon condition Á 1 þ Á 4 ¼ 0, EIT separation of PTS, suppression separation of FWM and suppression dip of fluorescence will appear. Thus, they move from positive to negative with Á 1 changing from negative to positive shown as in Fig. 2(b) , and this is the two-photon dressed rule reported previously.
However, with fixed Á 1 and changing Á 2 , the positions of the obtained signals keep invariant with the states jAEi moving, which means that the signals are fixed with Á 2 changed, rather than move based on the two-photon condition for the two coupling fields (E 2 and E 4 ), i.e.,
This phenomenon, as shown in Fig. 2(d) , is different from that in Fig. 2(b) , and so there maybe exist a new two-photon dressed rule, with which E 2 and E 4 will comply. It is worth mentioning that the moving states jAEi will cause the switch between enhancement and suppression of FWM signal (even though this is not observed here). Moreover, the E F 2 cannot resonate with jAEi when Á 4 is scanned at Á 1 ¼ 0, that is why we can only see the suppression.
From another perspective, the comparison between these two two-photon dressed rules can be explained by density-matrix elements. The EIT separation and suppression separation are produced, which are resulted from the combined dressing effect of E 1 and E 4 , and satisfy
1 Þ 1=2 =ð2Á 1 Þ, from which one can see that the obtained signals are moved with Á 1 rather than Á 2 . Similarly, the conditions for AT splitting in fluorescence signals can be obtained as
, which also only connects with Á 1 . The interval between the AT splitting peaks is determined by ðÁ
, which diminishes from large jÁ 1 j to 0 [ Fig. 2(b3) ], while remains the same with different Á 2 . The calculated PTS signals are shown in Fig. 2(g ) and (h), which agree well with the experimental results in Fig. 2(b1) and (d1) , respectively.
If all the beams without E 0 2 & E 0 4 are turned on, we can investigate the SWM process (i.e., E S2 and E S4 ). The arrangement of the signals is similar with that shown in Fig. 2 . The horizontal cases [ Fig. 3(a) and (c)] show some similarities and discrepancies with the cases in Fig. 2(a) and (c) . On one hand, the upper curves [ Fig. 3(a1) and (c1) ] show the PTS at discrete values of Á 1 and Á 2 , which includes EIT separation and an EIT window. The strength of EIT separation is also weak near Á 1 ¼ 0. The lower curves in Fig. 3(a3) and (c3) show the profiles (dashed lines) that reflect the background intensity of R 1 þ R 2 . On the other hand, the middle curves [ Fig. 3(a2) and (c2)] show the SWM signals with AT splitting (dashed line) which is induced by E 2 . The peak higher than the baseline includes the enhancement of E S2 from E 4 and double-dressed (E 2 & E 4 dressed) E S4 . While the dip lower than the baseline is only the suppression of E S2 from E 4 . For the fluorescence signal as shown in Fig. 3(b) and (d), one peak within the suppression dip is an emission peak, because of the dressing effect of E 1 upon signal R 4 .
By setting Á 1 from negative to positive, the EIT separation of PTS, the enhancement/suppression of SWM signal and suppression dip of fluorescence signal move leftwards from bottom to top as shown in Fig. 3(b) . However, they do not move with Á 2 as shown in Fig. 3(d) . The explanation for these phenomena is similar to that for Fig. 2(b) and (d) . Here, we only concentrate on the enhancement/suppression of SWM signals. First, from the aspect of the dressed states, with fixed Á 2 and changing Á 1 , the suppression of SWM also needs to satisfy Á 1 þ Á 4 ¼ 0, which results in the movement of the signals in Fig. 3(b) ; while for the case with fixed Á 1 and changing Á 2 , the obtained signals are fixed at the same position, which also demonstrates the new two-photon dressed rule for E 2 and E 4 . As to the density-matrix elements, the dressing effects of E 2 upon signal E S4 and of E 4 upon signal E S2 are able to be separately written as jG 2 j 2 =d 2 in ð5Þ 10S4 and jG 4 j 2 =d 6 in ð5Þ 10S2 , from which one can, respectively obtain the suppression and enhancement conditions as
. Therefore, the enhancement and suppression of SWM move leftwards with increased Á 1 , while do not move with Á 2 . The calculated fluorescence signals are depicted by Fig. 3 (e) and (f), which agree well with the experimental ones in Fig. 3(b3) and (d3), respectively. Finally, we present the FWM [ Fig. 4 (a) and (b)] and SWM processes [ Fig. 4 (c) and (d)] versus Á 4 with different Á 2 when E 4 deviates an angle from the normal state, as shown in Fig. 4(e) . The figure setups of Fig. 4(a) and (b) are as Fig. 2(c) and (d) . However, in Fig. 4(a1) and (b1), the EIT separation of PTS switches into EIA separation, which indicates that the suppression induced by the combined dressing effects of E 1 and E 4 (presented by jG 4 j 2 =d 6 in
10 ) switches to enhancement. As reported in Ref. [23] , in abnormal state, an additional phase factor is introduced and the modulated dressing effect can be presented by jG 4 j 2 expðiÁÞ=d 6 . Thus, for Á ¼ 0ð ¼ 0 Þ, the dressing term jG 4 j 2 expðiÁÞ=d 6 behaves positive and normal EIT separation appears (similar to Fig. 2 (c1) and (d1); for Á ¼ Àð ¼ 0:08 Þ, the dressing term jG 4 j 2 expðiÁÞ=d 6 behaves negative, so the EIT separation switches to EIA separation; for Á ¼ À=2ð ¼ 0:04 Þ, the transitional partial EIT/EIA could be seen. While for the PTS spectra, they behave mainly EIA (EIT) separation if is larger (smaller) than 0.04 . For the FWM signal as displayed in Fig. 4(a2) and (b2), although it exhibits the suppression separation as before, the intensity of the suppression is weaker than that in Fig. 2(c2) and (d2) . Similarly, the suppression dip of fluorescence signals in Fig. 4(a3) and (b3) is shallower than that in Fig. 2(c3) and (d3). All above variations are resulted from that the dressing effect of E 4 switches from suppression to enhancement under the influence of particular angle ¼ 0:06 ðÁ ¼ À3=4Þ. As to the SWM process, Fig. 4 (c) and (d) present the similar profiles and fixed phenomena of measured signals when compared with Fig. 3(c) and (d) , respectively. However, the EIT separation of PTS in Fig. 4 (d1) also switches into EIA separation, owing to the modulated dressing effects jG 4 j 2 expðiÁÞ=d 6 at ¼ 0:06 (greater than 0.04 ). The intensity of the peak of SWM signal in Fig. 4(c2) and (d2) is stronger than that in Fig. 3(c2) and (d2) . At the same time, the AT splitting emission peaks of the fluorescence signal in Fig. 4(c3) and (d3) are higher than those in Fig. 3(c3) and (d3). Above phenomena also demonstrate that the dressing effect of E 4 will switch from suppression to enhancement at this particular angle. 
Conclusion
In summary, we have compared the traditional and novel two-photon dressed rules by changing Á 1 and Á 2 , separately. We have demonstrated that the EIT of PTS, the enhancement/suppression of MWM, and the accompany fluorescence signals with AT splitting move with Á 1 but do not move with Á 2 , which illustrates the essence of traditional and novel dressed rules, respectively. In addition, we have revealed that the dressed strength of E 4 is determined by the minimum interval between the probe field E 1 and dressed state induced by the coupling field E 2 . Finally, we have studied the switches of PTS, MWM, and fluorescence signals at another angle between E 1 and E 4 to demonstrate the phase control effects. The research has potential applications in signal processing, optical switch prototype fabrications, and quantum communications.
